A purified inactivated vaccine (PIV) using the Zika virus (ZIKV) Puerto Rico strain PRVABC59 showed efficacy in monkeys, and is currently in a phase I clinical trial. High-yield manufacture of this PIV is essential for its development and vaccine access. Here we report an infectious cDNA clone-launched platform to maximize its yield. A single NS1 protein substitution (K265E) was identified to increase ZIKV replication on Vero cells (a cell line approved for vaccine production) for both Cambodian FSS13025 and Puerto Rico PRVABC59 strains. The NS1 mutation did not affect viral RNA synthesis, but significantly increased virion assembly through an increased interaction between NS1 and NS2A (a known regulator of flavivirus assembly). The NS1 mutant virus retained wild-type virulence in the A129 mouse model, but decreased its competence to infect Aedes aegypti mosquitoes. To further increase virus yield, we constructed an infectious cDNA clone of the clinical trial PIV strain PRVABC59 containing three viral replication-enhancing mutations (NS1 K265E, prM H83R, and NS3 S356F). The mutant cDNA clone produced N 25-fold more ZIKV than the wild-type parent on Vero cells. This cDNA clone-launched manufacture platform has the advantages of higher virus yield, shortened manufacture time, and minimized chance of contamination.
Introduction
Zika virus (ZIKV) has recently caused explosive outbreaks in the Americas and is unexpectedly associated with congenital microcephaly and other fetal abnormalities as well as Guillain Barré syndrome (Schuler-Faccini et al., 2016) . ZIKV was first isolated from a sentinel rhesus macaque in 1947 in the Zika Forest of Uganda (Dick et al., 1952) . Human ZIKV infections have only sporadically been detected for decades. However, since 2007, ZIKV has rapidly spread across islands in the South Pacific and into the Americas, causing the outbreak on Yap Island in Micronesia, a subsequent outbreak in French Polynesia, and explosive, widespread epidemics in the Americas (Petersen et al., 2016) . The World Health organization (http://www.who.int/emergencies/ zika-virus/situation-report/6-october-2016/en/) has reported over 73 countries and territories with active ZIKV outbreaks/epidemics. Despite urgent medical needs, neither clinically approved vaccine nor antiviral is available for prevention and treatment.
ZIKV is a mosquito-borne member from the genus flavivirus within the family Flaviviridae. Besides ZIKV, many other flaviviruses are significant human pathogens, including the four serotypes of dengue (DENV-1 to -4), yellow fever (YFV), West Nile (WNV), Japanese encephalitis (JEV), and tick-borne encephalitis (TBEV) viruses. Flaviviruses have a positive-sense single-stranded RNA genome approximately 11,000 nucleotides in length. The genome contains a 5′ untranslated region (UTR), single open-reading frame (ORF), and 3′ UTR. The ORF encodes three structural (capsid [C] , precursor membrane [prM] , and envelope [E] ) and seven non-structural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) proteins. The structural proteins form virus particles and function in virus entry into cells. The nonstructural proteins participate in viral replication, virion assembly, and evasion of host innate immune responses (Lindenbach et al., 2013) . Like other flaviviruses, ZIKV enters cells through the receptor-mediated endocytosis. After low pH-induced fusion with the endosome membrane, flaviviruses release and translate their genomic RNA in the endoplasmic reticulum (ER). Viral RNA replication occurs in the virus-induced replication complexes formed in the ER membrane. Progeny viruses form on the ER-derived membrane as immature virus particles, in which prM/E heterodimers form trimeric spikes with icosahedral symmetry. After removal of the pr from the prM by host furin protease during the transit through the Golgi network, the immature, non-infectious virions become mature infectious viruses. Finally, progeny virions are released through an exocytosis pathway (Lindenbach et al., 2013) . Rapid progress has been made on ZIKV research in the past two years, including the high-resolution structures of virus (Kostyuchenko et al., 2016; Sirohi et al., 2016) , reverse genetic systems (Atieh et al., 2016; Schwarz et al., 2016; Shan et al., 2016b; Tsetsarkin et al., 2016; Weger-Lucarelli et al., 2017; Xie et al., 2016) , animal models (Lazear et al., 2016; Rossi et al., 2016) , and vaccine development Dowd et al., 2016; Larocca et al., 2016) .
Development of an effective and affordable ZIKV vaccine is a public health priority. Multiple strategies have been taken, including DNA-or viral vector-expressing subunit, chimeric, and live-attenuated vaccines (Dawes et al., 2016) . Three frontrunner candidates, including two DNA vaccines expressing viral structural proteins prM and E (Dowd et al., 2016; Larocca et al., 2016) and one purified inactivated ZIKV vaccine (PIV) based on Puerto Rico strain PRVABC59 , protect monkeys from ZIKV challenge. These frontrunners are currently in phase I clinical trial (https://clinicaltrials.gov). For inactivated vaccines, technologies that could increase the yield of virus production without compromising vaccine immunogenicity are essential to reduce the cost of manufacture and to increase vaccine accessibility.
In this study, we identified and characterized a mutation in ZIKV NS1 (K265E) that significantly increased the production of the Cambodian strain FSS13025 and Puerto Rico strain PRVABC59 on Vero cells, an approved cell line for vaccine production (Griffiths, 1987) . The NS1 K265E mutation increased virus assembly through enhancing the NS1/ NS2A interaction. Interestingly, the NS1 K265E mutation did not affect virulence in the A129 mouse model, but significantly reduced ZIKV competence for infecting Aedes aegypti mosquitoes. Furthermore, we engineered a recombinant ZIKV containing three replication-enhancing mutations (NS1 K265E, prM H83R, and NS3 S356F) that could generate a viral titer of N10 8 PFU/ml on Vero cells. Taken together, the results demonstrate that the infectious cDNA clone containing these triple mutations represents an attractive platform to reproducibly generate high yields of ZIKV, which could be readily used for manufacture of PIV for a vaccine clinical trial.
Materials and Methods

Cell Culture and Antibodies
BHK-21 and Vero cells were purchased from the American Type Culture Collection (ATCC, Bethesda, MD), and maintained in a high-glucose Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (HyClone Laboratories, South Logan, UT) and 1% penicillin/streptomycin at 37°C with 5% CO 2 . A. albopictus C6/36 cells were grown in RPMI1640 containing 10% FBS and 1% penicillin/ streptomycin at 30°C with 5% CO 2 . Huh7 cells were maintained in a high-glucose Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin and 1% Non-Essential Amino Acids (NEAA) at 37°C with 5% CO 2 . HEK293T cells were grown in high-glucose DMEM containing 10% FBS and 1% penicillin/streptomycin. All culture medium, NEAA and antibiotics were purchased from ThermoFisher Scientific (Waltham, MA).
The following antibodies were used: a mouse monoclonal antibody (mAb) 4G2 cross-reactive with flavivirus E protein (ATCC); goat antimouse IgG conjugated with Alexa Fluor®488 (Thermo Fisher Scientific, Waltham, MA); goat anti-mouse or anti-rabbit IgGs conjugated with horseradish peroxidase (IgG-HRP), protein A conjugated with HRP (A-HRP; Sigma, St. Louis, MO); rabbit or mouse control IgGs (ThermoFisher Scientific); rabbit IgG against ZIKV NS1, mouse IgG anti-ZIKV E, rabbit IgG anti-ZIKV prM (Alpha Diagnostic Intl. Inc., San Antonio, TX); mouse anti-HA (Abcam, Cambridge, United Kingdom); and rabbit anti-HA (Sigma).
Plasmid Construction
The NS1 K265E mutation was introduced into the ZIKV infectious clone pFLZIKV containing the cDNA sequence of Cambodian strain (FSS13025) (Shan et al., 2016b) through an overlap PCR approach. Briefly, a cDNA fragment flanked between restriction sites AvrII (positions 1532-1537 in ZIKV genome) and SphI (positions 3856-3861 in ZIKV genome) was amplified by overlap PCR. The A3282G (NS1 K265E) mutation was introduced into the overlap primers during primer synthesis. The overlap PCR product containing the A3282G mutation was digested with AvrII and SphI restriction enzymes and cloned into the pFLZIKV.
Prior to construction of the infectious clone of ZIKV strain PRVABC59 (ZIKV-PRV), the parental viruses were propagated on Vero cells for two passages and subjected to whole-genome sequencing. Specifically, viral RNA was extracted using QIAamp Viral RNA Kits (Qiagen, Hilden, Germany). cDNA fragments covering the complete genome were synthesized from genomic RNA using the SuperScript® III One-Step RT-PCR System with Platinum® Taq DNA Polymerase (Invitrogen) according to the manufacturer's instructions. Similar strategy as previously reported for making ZIKV FSS13025 infectious clone (Shan et al., 2016b ) was used to construct the infectious clone of ZIKV-PRV. Fig. 3A depicts the scheme to clone and assemble the full genome of ZIKV-PRV. The genomic cDNA was assembled using a single-copy vector pCC1BAC (Epicentre, Madison, WI). E. coli strain TransforMax™ EPI300™ (Epicentre) was used to propagate the plasmids. The virus-specific sequence of each intermediate clone was validated by Sanger DNA sequencing before it was used in subsequent steps. The final plasmid containing full-length cDNA (pFLZIKV-PRV) was sequenced to ensure no undesired mutations. A T7 promoter and a hepatitis delta virus ribozyme (HDVr) sequence were engineered at the 5′ and 3′ ends of the complete viral cDNA for in vitro transcription and for generation of the authentic 3′ end of the RNA transcript, respectively. All restriction endonucleases were purchased from New England Biolabs (Beverly, MA).
A mammalian expression vector, pXJ (Xie et al., 2013) , driven by a cytomegalovirus (CMV) promoter was used to express the polyprotein E 24 -NS1-NS2A-HA of ZIKV strain FSS13025. The C-terminal 24 amino acids of the E protein were retained to ensure the correct targeting and processing of NS1 in the ER membrane. The gene cassette encoding E 24 -NS1-NS2A was amplified from pFLZIKV (Shan et al., 2016b) by PCR using primer pair P1 (5′-GATGCGGCCGCACCATGAATGGATCTATTTCCCTTATGTGCTTG-3′) and reverse primer P2 (5′-TAATCTGGAACATCGTATGGGTAGGATCCCCGCTTCCCACTCCTTGTGAGC-A-3′). The human influenza hemagglutinin (HA) tag (GSYPYDVPDYA) sequence was in-frame fused to the C-terminus of NS2A through a second PCR using primer P1 and P3 (5′-GACCTCGAGCTAAGCGTAATCTGGAACATCGTATGGGTAGGATCC-3′). The purified PCR fragment was cloned into pXJ vector through restriction enzymes NotI and XhoI. All plasmids were validated by restriction enzyme digestion and DNA sequencing from GENEWIZ (South Plainfield, NJ). Other primer sequences and the complete pFLZIKV-PRV sequence are available upon request.
RNA In Vitro Transcription, Electroporation and Immunofluorescence Assay
Plasmid linearization, RNA in vitro transcription and Vero cell electroporation were performed according to previously described protocols (Shan et al., 2016b) . After electroporation, cells were seeded in a T-175 flask for virus production or 8-well chamber slide for monitoring E protein expression by immunofluorescence assay (IFA). IFA was performed as described previously (Shan et al., 2016b) . Antibody 4G2 and goat anti-mouse IgG conjugated with Alexa Fluor®488 were used as primary and secondary antibodies, respectively. Finally, the cells were mounted in a mounting medium with DAPI (4′, 6-diamidino-2-phenylindole; Vector Laboratories, Inc., Burlingame, CA). Fluorescence images were acquired by a fluorescence microscope equipped with a video documentation system (Olympus, Shinjuku, Tokyo, Japan). From day 1 to 6 post-infection, supernatants were collected daily and clarified by centrifugation at 500 g for 5 min prior to storage at −80°C. Virus in the culture fluids were determined by standard cytopathogenic effect-based plaque assay on Vero cells (Shan et al., 2016b) . Plaques formed on Vero monolayers were stained by crystal violet after 4 days of infection.
Virus Replication
Replicon Transient Transfection Assay
This assay was performed as described previously (Xie et al., 2016) . WT or NS1 K265E (10 μg) ZIKV FSS13025 replicon RNAs were electroporated into Vero cells. At given time points, cells were washed twice with PBS and lysed in 100 μl 1× Renilla luciferase lysis buffer (Promega, Madison, WI) . Luciferase signals were immediately measured by Cytation 5 (Biotek, Winooski, VT) according to the manufacturer's instructions.
Plaque Purification
Vero cells (8 × 10 5 per well) were seeded into a 6-well plate. At 18-24 h post-seeding, 200 μl serial dilutions of ZIKV (10 2 to 10 5 PFU/ml) were inoculated onto the monolayer for infection at 37°C for 1 h. Afterwards, virus inoculants were replaced with 3 ml of the first overlay (DMEM supplemented with 3.7 g/L NaHCO 3 , 2% FBS [v/v] , 1% penicillin/streptomycin [v/v] and 1% Lonza SeaPlaque™ agarose [w/v] ). Plates were incubated at 37°C with 5% CO 2 . After four days of incubation, 3 ml of the second overlay (first overlay supplemented with 1/50 0.33% neutral red solution [Sigma] ) was added to the top of the first layer. Plates were incubated at 37°C with 5% CO 2 for another two days. Sequentially, individual plaques were harvested and transferred into a 24-well plate pre-seeded with 2 × 10 5 Vero cells. After 2-3 days of incubation, cytopathic effects occurred in 24-well plates. Immediately, supernatants were harvested, clarified by centrifugation at 500 g for 5 min and stored at −80°C. The titers and plaque morphologies of all isolates were determined by plaque assay (Shan et al., 2016b) . The cDNA sequence of the viral genomes from three large and three small plaque isolates were determined by Sanger sequencing.
Quantitative Reverse Transcription PCR (qRT-PCR)
Viral RNAs in culture fluids were extracted using QIAamp viral RNA minikit (Qiagen), and intracellular total RNAs were isolated using an RNeasy minikit (Qiagen). Extracted RNAs were eluted in 50 μl RNasefree water. One specific probe (5′-FAM/AGCCTACCT/ZEN/ TGACAAGCAATCAGACACTCAA/3IABkFQ-3′) and a primer set (ZIKV_1193F: 5′-CCGCTGCCCAACACAAG-3′; ZIKV_1269R: 5′-CCACTAACGTTCTTTTGCAGACAT-3′) were used to determine the ZIKV RNA copies. The probe contains a 5′-FAM reporter dye, 3′ IBFQ quencher, and internal ZEN quencher. qRT-PCR assays were performed on the LightCycler® 480 System (Roche) following the manufacturer's protocol by using 15-μl reactions of the QuantiTect Probe RT-PCR Kit (QIAGEN) and 1.5 μl RNA templates. In vitro transcribed full-length ZIKV RNAs were used as RNA standard for RT-PCR quantification. The mRNA level of the housekeeping gene glyceraldehyde-3-phophate dehydrogenase (GAPDH) was measured using an iScript one-Step RT-PCR kit with SYBR green (Bio-Rad) and a primer pair M_GAPDH-F (5′-AGGTCGGTGTGAACGGATTTG-3′) and M_GAPDH-R (5′-TGTAGACCATGTAGTTGAGGTCA-3′).
Quantification of Extra-and Intracellular Infectious Virions
At selected time points, about 1 ml of culture fluids were harvested and centrifuged at 500g for 5 min to remove cell debris prior to storage at −80°C. Infected cells were washed three times with cold PBS to remove unbound virions. As indicated in Fig. 4 , a stringent wash in cold alkaline-high-salt solution (1 M NaCl and 50 mM sodium bicarbonate, pH 9.5) for 3 min was applied to remove cell surface-associated virus. After twice cold-PBS washes, the cells were detached using 0.25% Trypsin-EDTA (ThermoFisher Scientific) and suspended in 3 ml DMEM medium containing 2% FBS. Total cells were collected by centrifugation at 1000g for 5 min. The cell pellets were resuspended in 250 μl DMEM medium with 2% FBS. One hundred microliters of the cell suspensions was centrifuged at 1000g for 5 min to pellet the cells; the pelleted cells were then used for intracellular viral RNA. The remaining 150 μl of cell suspensions was lysed using a single freeze-thaw cycle (frozen at −80°C and thawed at 37°C). Afterwards, cellular debris was removed by centrifugation at 3200g for 5 min at 4°C, and the supernatant was harvested for plaque assay to determine the intracellular infectivity.
Co-Immunoprecipitation (Co-IP)
Co-IPs were performed according to a previous described protocol (Zou et al., 2014) with some modifications. For infection samples, 3 × 10 6 Vero cells in 6-cm dishes were infected with recombinant WT or NS1 K265E ZIKV strain FSS13025 at MOI 1.0. At 32 h p.t., cells were washed three times with PBS and lysed in 1 ml Pierce™ IP lysis buffer at 4°C for 30 min. For transfection samples, 3 × 10 6 HEK293T cells in 6-cm dishes were transfected with 5 μg of plasmids encoding WT or NS1 K265E mutated polyprotein E 24 -NS1-NS2A-HA using X-tremeGENE 9 DNA transfection reagent (Roche) according to the manufacturer's instructions. At 42 h p.t., cells were washed twice with cold PBS an lysed in 1 ml immunoprecipitation (IP) buffer (20 mM Tris, pH 7.5, 100 mM NaCl, 0.5% DDM, and EDTA-free protease inhibitor cocktail [Roche] ) with rotation at 4°C for 1 h. All cell lysates were clarified by centrifugation at 15000 rpm at 4°C for 30 min and subjected to co-IP using protein G-conjugated magnetic beads according to the manufacturer's instructions (Millipore). Briefly, immune complexes were formed at 4°C overnight by mixing 400 μl of cell lysate with 2 μg corresponding antibodies (rabbit anti-NS1, mouse anti-HA, rabbit control IgGs or mouse control IgGs) in a 500-μl reaction system containing 300 mM sodium chloride. Subsequently, the complexes were precipitated with protein G-conjugated magnetic beads at 4°C for 1 h with rotation, followed by washing extensively with phosphate-buffered saline (PBS) containing 0.1% Tween 20 (Sigma). Finally, proteins were eluted with 4 × lithium dodecyl sulfate (LDS) sample buffer (ThermoFisher Scientific) supplemented with 100 mM DTT, heated at 70°C for 10 min, and analyzed by Western blotting described as below.
SDS-PAGE and Western Blotting
Proteins were resolved in 12% SDS-PAGE gels and transferred onto a polyvinylidene difluoride (PVDF) membrane by using a Trans-Blot Turbo transfer system (Bio-Rad Laboratories, Hercules, CA). The blots were blocked in TBST buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.1% Tween 20) supplemented with 5% skim milk for 1 h, followed by probing with primary antibodies (1:2000 dilution) for 1 h at room temperature. After two washes with TBST buffer, the blots were incubated with a goat anti-mouse or goat anti-rabbit IgG conjugated to HRP (1:20,000 dilution) in TBST buffer with 5% milk for 1 h, followed by three washes with TBST buffer. The antibody-protein complexes were detected using Amersham ECL Prime Western blotting detection reagent (GE Healthcare, Chicago, IL).
Mouse Experiments
A129 mice (interferon type I receptor-knockout) were used to examine the virulence of recombinant WT or NS1 K265E ZIKV FSS13025. Experiments were performed according to a previously described protocol with some modifications (Shan et al., 2016b) . In brief, 6-weekold A129 mice were infected with 10 4 PFU via the intraperitoneal route. Eight mice were used for each group. Calcium and magnesiumfree DPBS (ThermoFisher Scientific) was used to dilute the virus stocks to the desired concentration. DPBS injection was used as mock-infection. On day 1-4 post-infection, four mice from each cohort were bled via the retro-orbital sinus (RO) after being anesthetized. Serum was clarified by centrifugation at 6000g for 5 min and immediately stored at −80°C prior to plaque assay for viremia. All animal work was completed in compliance with the UTMB policy as approved by the Institutional Animal Care and Use Committee (IACUC).
Infection of Mosquitoes with ZIKV
Aedes aegypti colony mosquitoes derived from Galveston, TX, were fed for 30 min on blood meals. The blood meals consist of 1% (wt/vol) sucrose, 20% (vol/vol) FBS, 5 mM ATP, 33% (vol/vol) PBS-washed human blood cells (UTMB Blood Bank), and 33% (vol/vol) DMEM medium. The 1 ml-blood meals were combined with 1 ml virus offered in Hemotek 2-ml heated reservoirs (Discovery Workshops) covered with a mouse skin. Virus titer in the blood meals ranged from 6.0 to 6.5 log 10 PFU/ml. Infectious blood meals were loaded on cartons containing A. aegypti. Engorged mosquitoes were incubated at 28°C, 80% relative humidity on a 12:12 h light:dark cycle with ad libitum access to 10% sucrose for 14 days, then frozen at −20°C overnight. To assess infection, whole bodies of individual mosquitoes were individually homogenized (Retsch MM300 homogenizer, Retsch Inc., Newton, PA) in DMEM with 20% FBS and 250 μg/ml amphotericin B. The samples were then centrifuged for 10 min at 5000 rpm. Afterwards, 50 μl of supernatants were inoculated into 96-well plates containing Vero cells at 37°C and 5% CO 2 for 3 days. Cells were fixed with a mixture of ice-cold acetone and methanol (1:1) solution and immunostained as described previously (Shan et al., 2016b) . The infection rate was calculated using the number of virus-positive mosquito bodies divided by the total number of engorged and incubated mosquitoes.
Results
Identification of NS1 K265E Mutation
To identify cell-adaptive mutation(s) that can increase the yields of ZIKV production on Vero cells, we used a one-step plaque-purification approach to isolate virus clones with increased replication competency using Cambodian strain FSS13025. This ZIKV strain was isolated in 2010 from the blood of a three-year old patient from Cambodia (Heang et al., 2012) , and had been cultured thrice on Vero cells. This parental isolate generated heterogeneous plaque sizes on Vero cells (Fig. 1A , left panel), from which we purified viruses three large (S1-3) and three small plaques (S4-6). Representative plaque morphologies of the purified viruses are shown in Fig. 1A (right panels) . Complete-genome sequencing was performed for the purified S1-6 viruses (Fig. 1B) . All three large plaque biological clones (S1-3) shared an adenine-to-guanine substitution at genomic position 3282 (A3282G; GenBank KU955593.1), resulting in a Lys-to-Glu change at the position 265 in NS1 protein (K265E). The sequence chromatograph showed a highly homogeneous A3282G mutation for S1-3 viruses, whereas no such mutation was recovered in any of the S4-6 biologically cloned viruses exhibiting small plaques (Fig. 1C) . The results suggested that NS1 K265E mutation may enhance ZIKV replication on Vero cells.
Characterization of Recombinant NS1 K265E ZIKV FSS13025
Since mutations other than NS1 K265E were also recovered from S1-3 viruses, we engineered the NS1 K265E mutation into the ZIKV strain FSS13025 to verify its role in increased plaque morphology. Both WT and NS1 K265E mutant genomic RNAs were electroporated into Vero cells. An increasing number of the transfected cells expressed viral E protein from 24 to 72 h post-transfection (p.t.); interestingly, the K265E mutant RNA produced more E-positive cells than the WT at 48 and 72 h p.t. (Fig. 1D ). In addition, this mutant produced larger plaques than the WT virus (Fig. 1E) .
To examine the effect of NS1 K265E on viral infectivity, we determined the RNA copy/plaque-forming unit (PFU) ratio for both WT and NS1 K265E viruses. The extracellular viral RNA copies represented total virus (including both infectious and non-infectious) released into the culture fluids, while the PFU numbers indicated the amounts of infectious virions. Both the WT and mutant (collected at 72 h p.t.) showed similar RNA copy/PFU ratios (Fig.1F) , indicating that NS1 K265E did not affect viral infectivity. Corroborating the plaque assay and IFA results, the mutant RNA yielded significantly more infectious virus than the WT RNA after transfection of cells (Fig. 1G) . Genomic sequencing of the recombinant mutant virus revealed no mutations other than the engineered NS1 K265E change (data not shown). Collectively, the results demonstrated that the NS1 K265E mutation was responsible for the enhanced ZIKV replication on Vero cells.
Comparison of Viral Replication of WT or NS1 Mutant ZIKV FSS13025 in Cell Culture
We compared the replication kinetics of WT and NS1 K265E viruses in mosquito (C6/36), hamster (BHK-21), monkey (Vero), and human (Huh7) cell lines. Interestingly, the mutant and WT viruses showed comparable replication kinetics on C6/36 and BHK-21 cells ( Fig. 2A-B) . In contrast, the mutant virus replicated much faster than the WT virus on Vero and Huh7 cells (Fig. 2C-D) . Specifically, the mutant virus peaked at 84 h p.i. with a titer up to 10 7 PFU/ml on Vero cells. Overall, the data suggested that NS1 K265E improved viral replication in a cell type-dependent manner.
NS1 K265E Mutation Enhances the Replication of ZIKV Strain PRVABC59 in Vero Cells
To examine whether the effects of NS1 K265E on viral replication is ZIKV strain-dependent, we engineered this mutation into a new infectious cDNA clone of ZIKV Puerto Rico strain PRVABC59 (GenBank number KU501215) isolated in 2015 (Lanciotti et al., 2016) . We chose PRVABC59 because this strain was previously used to produce an inactivated vaccine [with monkey efficacy ] that is currently in phase I clinical trials (https://clinicaltrials.gov). As depicted in Fig. 3A , six RT-PCR fragments spanning the complete viral genome were individually cloned and assembled into the full-length cDNA of ZIKV in a single-copy vector pCC1BAC, resulting in plasmid pFLZIKV-PRV. The plasmid could be induced to generate 10-20 copies/cell using L-arabinose in E. coli strain TransforMax™ EPI300™. Compared with the parental ZIKV isolate, the infectious cDNA clone had five nucleotide mutations (A1337G, A2768T, A2771G, T8408A and C9176T), none of which changed the amino acid sequence (Fig. 3B) .
The RNA transcribed from pFLZIKV-PRV was infectious, as evidenced by increasing E-positive cells upon transfection into Vero cells (Fig. 3C) . The culture fluids harvested from WT ZIKV-PRV RNA-transfected cells produced plaques on Vero cells on day 4 p.i. (Fig. 3D ). More importantly, the NS1 K265E mutant RNA-transfected cells showed a faster increase in E-positive cell numbers (Fig. 3C) than the WT. The NS1 K265E virus produced larger plaques than the WT ZIKV-PRV (Fig. 3D) . The mutant RNA and virus replicated significantly faster than the WT counterparts in transfected (Fig. 3E ) and infected Vero cells (Fig. 3F) , respectively. These data demonstrated that the replication enhancement of NS1 K265E was not ZIKV strain-dependent.
NS1 K265E Mutation Enhances Virus Assembly, but Retards Virus Entry
To understand which step(s) of the viral infection cycle were affected by NS1 K265E mutation, we engineered the mutation into a luciferase reporter ZIKV replicon (Xie et al., 2016) . After transfection of Vero cells with equal amounts of replicon RNAs, the WT and mutant produced comparable amounts of luciferase activity 2-46 h p.t. (Fig. 4A) . The replicon results demonstrated that NS1 K265E mutation did not affect viral translation or RNA synthesis.
Next, we used recombinant Cambodian FSS13025 virus to examine the effect of the NS1 K265E mutation on a single infection cycle. Fig.   4B depicts the experimental flowchart. The total infection time was restricted to 20 h to avoid multiple rounds of infection. Vero cells were infected with equal amounts of WT and NS1 K265E mutant viruses at 37°C. After 1 h p.i., cells were washed with PBS to remove unattached viruses. Intracellular viral RNAs were quantified at 1, 14, and 20 h post-infection. Before extracting intracellular viral RNA, the cells were thoroughly washed with an alkaline high-salt solution to remove cell membrane-associated viruses. Besides intracellular viral RNA, we also measured intracellular and extracellular virions (using plaque assay) as well as extracellular viral RNAs at 14 and 20 h p.i. (Fig. 4C) . Compared with the WT, the K265E mutant produced slightly more intracellular viral RNA, but generated N 10-fold more extracellular viral RNA as well as N10-fold more intracellular and extracellular infectious viruses at 14 and 20 h p.i. (Fig. 4C) . The data indicated that NS1 K265E mutation increased virus assembly in Vero cells. Surprisingly, at 1 h p.i., the intracellular level of mutant viral RNA of was about half of the WT virus (Fig. 4C) , suggesting that the mutation reduced virus attachment/entry. This observation prompted us to perform the experiment outlined in Fig. 4D to dissect the effect of NS1 K265E on virus attachment and/or entry. Vero cells were incubated with equal amounts of WT or mutant virus at 4°C for 1 h. At this temperature, viruses could attach to the cell surface without entry. Both WT and mutant viruses bound to Vero cells with equal efficiencies (Fig. 4E, data set I) . Further incubation at 37°C initialized virus entry. After 0.5 h incubation at 37°C, the amount of intracellular mutant RNA was about 60% of the intracellular WT RNA (Fig. 4E , data set II); however, after additional 2.5 and 5.5 h incubation at 37°C, equal amounts of intracellular viral RNAs were detected for mutant and WT viruses (Fig. 4E, data set III&IV) . Taken together, the results suggested that, besides enhancement of virion assembly, NS1 K265E may slow virus entry (Fig. 4F) . 
Mutation K265E Increases NS1/NS2A Interaction
The structure of ZIKV NS1 consists of an N-terminal β-roll, an epitope-rich wing domain, and a C-terminal β-ladder (Brown et al., 2016) . Residue K265 is located at the C-terminal β-ladder, and is spatially clustered with two other positively charged residues (R294 and R347) on the surface of the NS1 molecule (Fig. 5A) , suggesting that this region may participate in protein/protein interactions. Since NS1 was reported to interact with structural protein prM and E during virus assembly (Scaturro et al., 2015) , we performed co-immunoprecipitation to examine whether mutation K265E affected those interactions (Fig. 5B) . Western blotting of total cell lysates (collected at 32 h p.i.) showed higher levels of NS1, prM, and E protein expression in the mutant virus-infected cells than those in the WT-infected cells (Fig. 5C , right two lanes). This was expected because the mutant virus replicated more robustly than the WT. Interestingly, both prM and E proteins were co-immunoprecipitated by NS1 in the WT-and mutant-infected cells (Fig. 5C) . Quantification (by normalizing the NS1 protein amounts) showed that WT and mutant K265E NS1 pulled down the prM or E protein at comparable efficiencies (Fig. 5D) , indicating that the mutation did not affect the NS1/prM or NS1/E interactions.
Since NS2A is known to modulate flavivirus assembly (Kummerer and Rice, 2002; Leung et al., 2008; Xie et al., 2013) , we tested whether K265E changed the NS1/NS2A interaction. Due to the lack of availability of specific antibodies against ZIKV NS2A, we performed the co-immunoprecipitation experiment using a plasmid co-expressing NS1 and HAtagged NS2A proteins. As shown in Fig. 5E , a plasmid encoding the polyprotein E 24 -NS1-NS2A-HA (E 24 representing the last 24 amino acids of E protein to keep the correct topology of NS1-NS2A-HA on the ER membrane) was transfected into HEK293T cells. Upon translation, the polyproteins would be processed into E 24 , NS1, and NS2A-HA by host signalases (Lindenbach et al., 2013) . Cell lysates were immunoprecipitated by mouse anti-HA IgG or control IgG. NS1 could be pulled down together with NS2A-HA by the mouse anti-HA IgG, but not by the control IgG (Fig. 5F ), demonstrating that NS1 interacted specifically with NS2A. Importantly, NS2A-HA pulled down significantly (1.2-fold) more K265E NS1 than the WT NS1 (Fig. 5G) , suggesting that the mutation increased the binding of NS1 to NS2A. It should be noted that two species of NS2A-HA protein appeared in the denature SDS-PAGE (Fig. 5F ), probably due to unknown modification(s) or degradation of NS2A-HA. The nature of the two NS2A-HA species remains to be determined.
NS1 K265E Mutation Does Not Affect ZIKV Virulence in the A129 Mouse Model
We evaluated the in vivo virulence of WT and mutant NS1 K265E ZIKVs in the A129 mice by monitoring the viremia and weight loss (Shan et al., 2016b) . Equal amounts (1 × 10 4 PFU) of each virus were inoculated into mice via the intraperitoneal (i.p.) route. Unexpectedly, the WT and mutant viruses produced statistically indistinguishable levels of viremia ( Fig. 6A ) and weight loss (Fig. 6B ). These data indicated that K265E did not affect ZIKV virulence in the A129 mouse model.
NS1 K265E Mutation Decreases Viral Infection of Ae. aegypti Mosquitoes
To understand whether the NS1 K265E mutation affects viral fitness in mosquitoes, we determined the oral susceptibility of Ae. aegypti using artificial human bloodmeals containing approximately 10 6 PFU/ml of the K265E mutant or WT virus (Shan et al., 2016b) . On day 14 post-feeding, engorged mosquitos were analyzed for the presence of virus in the bodies to estimate infection rates. As summarized in Table 1, NS1 K265E virus showed a significantly lower infection rate than the WT virus in mosquitoes, demonstrating that the mutation reduced virus fitness for infection of Ae. aegypti mosquitoes.
PrM H83R and NS3 S356F Mutations Further Increase Viral Yield on Vero Cells
Although the above results demonstrated that NS1 K265E enhanced viral yield, we asked whether other cell adaptive mutations could further increase virus production on Vero cells. To address this question, we engineered two additional cell-adaptive mutations (prM H83R and NS3 S356F) in the context of NS1 K265E pFLZIKV-PRV. PrM H83R mutation was identified from passaging of ZIKV FSS13025 on Vero cells (our unpublished data). NS3 S356F mutation was recently reported to increase ZIKV replication in cell culture (Tsetsarkin et al., 2016) . In vitro transcribed genomic RNAs (prM H83R + NS1 K265E; NS1 K265E + NS3 S356F, and prM H83R + NS1 K265E + NS3 S356F) were electroporated into Vero cells. At 72 h p.t., about 4-, 3-, and 6-fold more viruses were produced from the prM H83R + NS1 K265E, NS1 K265E + NS3 S356F, and prM H83R + NS1 K265E + NS3 S356F RNA-transfected cells than the NS1 K265E RNA-transfected cells, respectively (Fig. 7A ). All three mutants generated similar plaque morphologies as the NS1 K265E virus on Vero cells (Fig. 7A) . Importantly, replication kinetics showed that the triple mutant virus (prM H83R + NS1 K265E + NS3 S356F) produced a peak viral titer of 1.6 × 10 8 PFU/ml that was significantly higher than the other mutants (Fig. 7B) . Fig. 7C directly compares the replication kinetics of the WT ZIKV PRVABC59 strain with its triple mutant. Remarkably, the triple mutant 447 generated ≥ 27-fold more virus than the WT at various time post-infection. The results clearly indicate that the triple mutant would be an ideal candidate for the manufacturing of inactivated vaccine.
Discussion
Purified inactivated vaccine (PIV) is one of the frontrunners in the rapidly evolving ZIKV vaccine pipeline. A PIV using ZIKV strain PRVABC59 completely protects rhesus macaques from ZIKV challenge , and is currently undergoing a phase I clinical trial (https://clinicaltrials.gov). Licensed PIVs have been developed for TBEV and JEV (Shan et al., 2016a) . Technologies that can increase the yield of virus production with shortened manufacture time will greatly reduce the cost and increase the vaccine accessibility. Here, we report a ZIKV with triple mutations (prM H83R + NS1 K265E + NS3 S356F) that greatly increased viral replication in Vero cells. Our findings will be useful for PIV manufacture because Vero cells are approved for vaccine production (Griffiths, 1987) .
The NS1 K265E mutation was initially identified from plaque purification using the parental ZIKV strain FSS13025. This mutation was consistently recovered from viruses recovered from large plaques, but not from small plaques (Fig. 1A-C) . Using an infectious clone of ZIKV FSS13025, we confirmed that mutation K265E in NS1 was responsible for the enhanced viral replication (Fig. 1D-G & 2C) . Interestingly, the K265E mutation increased viral replication in Vero and Huh7 cells, but not in C6/36 and BHK-21 cells (Fig. 2) , suggesting that the enhancement was cell type-dependent. When the same mutation was introduced into a clone derived from epidemic strain of ZIKV PRVABC59, it also increased viral replication in Vero cells (Fig. 3) , indicating that its effect on viral replication was not ZIKV stain-dependent.
Mechanistically, we provided five lines of evidence that NS1 K265E modulates the steps of viral entry and assembly during an infection cycle. (i) NS1 K265E did not affect virus attachment to the cell surface (Fig. 4E ), but delayed virus entry. At 1 h post-attachment at 37°C, the mutation reduced entry by 40%; however, entry reached WT levels at 3 and 6 h post-attachment at 37°C (Fig. 4E). (ii) The NS1 K265E had no effect on viral protein translation and RNA synthesis in a luciferase replicon assay (Fig. 4A) . (iii) The NS1 K265E mutation increased virus assembly, leading to higher levels of intracellular and extracellular infectious viruses (Fig. 4C) . (iv) The RNA copy/PFU ratios of WT and NS1 K265E mutant viruses were indistinguishable (Fig. 1F) , suggesting that the mutation did not affect virus maturation (e.g., cellular furin-mediated cleavage of prM to pr and M proteins). (v) Both WT and NS1 K265E ZIKV FSS13025 showed similar thermostability when incubated at physiological temperatures of 37°C or 42°C for up to 1 h (Supplement Fig. 1) , suggesting that the mutation did not affect viral thermostability.
Flavivirus entry and assembly are tightly controlled by the spatial and temporal interplays between host and viral factors. How does the NS1 K265E mutation affect both ZIKV entry and assembly? The flavivirus NS1 is a multifunctional protein involved in viral replication Rice, 1997,1999; Youn et al., 2012) , virion assembly (Scaturro et al., 2015) , and evasion of host immune response (Avirutnan et al., 2011; Chung et al., 2006) . The crystal structure of ZIKV NS1 shows an elongated hydrophobic surface for membrane association and a polar surface that varies substantially among different flaviviruses (Brown et al., 2016) . Amino acid K265, together with two nearby positively charged residues (R294 and R347), could contribute to the positive surface of the β-ladder domain of NS1 (Fig. 5A) . The K265E mutation might perturb the charge in the β-ladder domain, leading to change(s) in network interactions between viral-viral or viralhost factors. Indeed, our co-immunoprecipitation experiments revealed that the mutation increased the NS1/NS2A interaction ( Fig. 5F & G) without affecting the NS1/prM and NS1/E interactions. Since NS2A has been well documented to modulate flavivirus assembly (Kummerer and Rice, 2002; Leung et al., 2008; Xie et al., 2013) , the increased NS1/NS2A interaction might be responsible for the enhanced virion assembly. On the other hand, because the NS1 K265E-mediated enhancement of virion production was cell type-dependent, cellular factors (e.g., proteins and/or lipids) must be involved in the process of enhanced virion assembly. Proteomic analysis of host proteins that bind to NS1 or NS2A in infected cells could be pursued to identify cellular factors important for flavivirus assembly.
The flavivirus E protein interacts with multiple cell surface receptors and attachment factors to facilitate virus entry. Many cell surface factors are reported to mediate flavivirus entry, including heat shock proteins, phosphatidylserine receptors [TIM (Tyro3, Axl, and Mer) and TAM (T cell, immunoglobulin, and mucin)], claudin-1, heparan sulfate, dendritic cell-specific intracellular adhesion molecular-3 grabbing nonintegrin (DC-SIGN), mannose receptor, and C-type lectin domain family 5 member A (Perera- Lecoin et al., 2014) . ZIKV selectively binds to TAM, but not TIM phosphatidylserine transmembrane receptor (Hamel et al., 2015) . The ER membrane contains phosphatidylserine lipids in the luminal leaflet (Leventis and Grinstein, 2010) , and NS1 is proposed to assist in virion morphogenesis via its lipid-remodeling activity, membrane association capability, and interactions with viral non-structural and structural proteins (Scaturro et al., 2015) . It is thus tempting to speculate that mutation K265E alters NS1's ability to recruit specific lipids during virion budding. The altered lipid components in virion bilayer could consequently modulate the kinetics of viral entry. In contrast to the enhanced viral replication on Vero cells, NS1 K265E did not significantly change the virulence of ZIKV in the A129 mice (Fig. 6) . The in vitro and in vivo discrepancy could be due to cell type-specific enhancement of the mutant virus replication (Fig. 2) . In agreement with the in vivo results, NS1 K265E virus showed a WT level of viral replication on rodent BHK-21 cells (Fig. 2B) . Therefore, caution should be taken when extrapolating mouse virulence result to nonhuman primates and humans. This is particularly important when the NS1 K265E mutation is engineered into a live-attenuated ZIKV vaccine candidate (for the purpose of increase in vaccine production on Vero cells). In such case, the effect of NS1 K265E mutation on virulence should first be directly evaluated in non-human primates.
In mosquito hosts, NS1 K265E virus replicated to the WT level on C6/ 36 cells, but significantly reduced its ability to infect Ae. aegypti (Table  1) . The reduced vector infectivity of NS1 K265E ZIKV could explain its rarity in clinical isolates. Only 3 out of 169 ZIKV full-length sequences in the GenBank exhibit the NS1 K265E mutation. Since Vero cells are routinely used to isolate ZIKV, it remains to be determined whether the NS1 265E sequence from the 3 clinical isolates (GenBank number ANN83272, AOX49265, and AMS00611) resulted from adaptation to Vero cells during virus isolation.
Our study has provided a new platform to reproducibly generate high yields of ZIKV for PIV manufacture. Specifically, the infectious ZIKV cDNA clone of PRVABC59 containing the triple mutations (prM H83R + NS1 K265E + NS3 S356F) could be used to launch ZIKV production on Vero cells. The mechanism of how prM H83R and NS3 S356F mutations increase viral replication remains to be understood. In addition, further studies are needed to investigate the effect of prM H83R and NS3 S356F mutations on ZIKV virulence and vector infection. Nevertheless, compared with the traditional method of virus amplification from seed viruses, the cDNA clone-launched PIV manufacture platform has the advantages of higher yields, shortened manufacture time, higher reproducibility (viruses directly produced from in vitro synthesized RNA), and a reduced risk of contamination (due to the elimination of isolation and multiple rounds of passaging of seed viruses in cell culture). Since ZIKV strain PRVABC59 was used for the current PIV clinical trial, our mutant cDNA plasmid could be readily used for this vaccine manufacture.
In summary, we identified mutation NS1 K265E in ZIKV that significantly enhances the production of strains FSS13025 and PRVABC59 in Vero cell culture. Mechanistically, the NS1 K265E mutant increases virus assembly, probably through enhancing NS1/NS2A interaction. Importantly, the enhancement of virus production by the cell-adaptive triple mutations (prM H83R + NS1 K265E + NS3 S356F) and the reported reverse genetic system could be used to manufacture the ZIKV strain PRVABC59-derived PIV that is currently in phase I clinical trial.
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